Unexpected role of ceruloplasmin in intestinal iron absorption  by Cherukuri, Srujana et al.
A R T I C L EUnexpected role of ceruloplasmin in intestinal iron absorption
Srujana Cherukuri,1,4 Ramesh Potla,2,4 Joydeep Sarkar,1,5 Saul Nurko,3 Z. Leah Harris,6 and Paul L. Fox1,4,*
1Department of Cell Biology, The Lerner Research Institute, Cleveland Clinic Foundation, Cleveland, Ohio 44195
2Department of Immunology, Cleveland Clinic Foundation, Cleveland, Ohio 44195
3Department of Nephrology and Hypertension, Cleveland Clinic Foundation, Cleveland, Ohio 44195
4Department of Biology, Cleveland State University, Cleveland, Ohio 44114
5Department of Biomedical Engineering, Case Western Reserve University, Cleveland, Ohio 44106
6Department of Anesthesiology, The Johns Hopkins School of Medicine, Baltimore, Maryland 21205
*Correspondence: foxp@ccf.org
Summary
Ferroxidases are essential for normal iron homeostasis in most organisms. The paralogous vertebrate ferroxidases cerulo-
plasmin (Cp) and hephaestin (Heph) are considered to have nonidentical functions in iron transport: plasma Cp drives iron
transport from tissue stores while intestinal Heph facilitates iron absorption from the intestinal lumen. To clarify the func-
tion of Cp, we acutely bled Cp−/− mice to stress iron homeostasis pathways. Red cell hemoglobin recovery was defective
in stressed Cp−/− mice, consistent with low iron availability. Contrary to expectations, iron was freely released from spleen
and liver stores in Cp−/− mice, but intestinal iron absorption was markedly impaired. Phlebotomy of wild-type mice caused
a striking shift of Cp from the duodenal epithelium to the underlying lamina propria, suggesting a critical function of Cp
in basolateral iron transport. Regulated relocalization of intestinal Cp may represent a fail-safe mechanism in which Cp
shares with Heph responsibility for iron absorption under stress.Introduction
Iron is an essential cofactor of multiple proteins and enzymes,
particularly those involving oxidation-reduction reactions and
oxygen transport, but in excess it is highly toxic. Plasma iron
homeostasis is maintained by stringent regulation of intestinal
iron absorption and by release from tissues stores, primarily
spleen and liver. Intestinal absorption of luminal nonheme iron
is facilitated by a pathway centered on the duodenal entero-
cyte (Hentze et al., 2004). Dietary ferric ion in the lumen is re-
duced to ferrous ion at the apical surface of the cell; dcytB is
a candidate ferrireductase (McKie et al., 2001), but a recent
report indicates the possible participation of other, unidentified
reductases (Gunshin et al., 2005). Ferrous ion is transported
into the gut epithelium by divalent metal transporter-1 (DMT1)
(Fleming et al., 1997; Gunshin et al., 1997). Basolateral release
of epithelial iron is facilitated by the ferrous ion transporter fer-
roportin (Abboud and Haile, 2000; Donovan et al., 2000; McKie
et al., 2000). The essential role of ferroportin in iron transport
from enterocytes, as well as from macrophages and hepato-
cytes, has been demonstrated in ferroportin-deficient mice
(Donovan et al., 2005).
The pathway taken by ferrous ion after leaving enterocytes
remains uncertain, but it likely involves oxidation to ferric ion
to increase binding to its carrier protein, transferrin. In verte-
brates, ferrous ion oxidation is catalyzed by two copper-con-
taining oxidases, ceruloplasmin (Cp) and hephaestin (Heph)
(Chen et al., 2004; Osaki et al., 1966). Plasma Cp ferroxidase
activity is thought to mobilize iron from tissue stores, particu-
larly from reticuloendothelial macrophages (Osaki and John-
son, 1969). The important role of Cp in iron metabolism is most
convincingly shown by iron accumulation in liver, brain, and
other tissues in patients with aceruloplasminemia, an inheritedCELL METABOLISM : NOVEMBER 2005 · VOL. 2 · COPYRIGHT © 2005 ECp deficiency caused by Cp gene mutations. Iron overload in
mice with targeted Cp gene deletion has confirmed the impor-
tant role of Cp in iron homeostasis, and flux experiments with
radiolabeled iron support the specific role of Cp ferroxidase
activity in iron release from tissue stores (Harris et al., 2004,
1999). Cp is not thought to have a role in iron absorption since
its transcript is not detected in the gastrointestinal tract (Aldred
et al., 1987; Fleming and Gitlin, 1990; Klomp et al., 1996; Lock-
hart and Mercer, 1999), and because iron absorption is undi-
minished in Cp−/− mice (Harris et al., 1999; Yamamoto et al.,
2002). Heph is a membrane-bound, Cp paralog with ferroxi-
dase activity (Chen et al., 2004). Heph was discovered as the
mutated gene responsible for the anemic phenotype in sex-
linked anemia (sla) mice (Vulpe et al., 1999). Heph is abundant
in the small intestine and is postulated to be responsible, in
a couple with ferroportin, for basolateral iron transport from
enterocytes (Chen et al., 2003). The differential tissue localiza-
tion of Cp and Heph suggests they have different roles in iron
homeostasis. However, the mild phenotype when either gene
is inactivated, compared to the combined mutant mouse, sug-
gests at least partial compensation of each ferroxidase by the
other (Hahn et al., 2004).
Mechanisms are in place to rapidly up- or downregulate iron
absorption and storage iron release in response to acute
changes in iron requirements, for example, during erythropoi-
etic demand for iron after blood loss. These mechanisms in-
clude transcriptional induction of proteins involved in iron
transport e.g., dcytB, DMT1, and ferroportin (Fleming et al.,
1997; McKie et al., 2001, 2000). Several of these proteins are
also susceptible to iron-sensitive posttranscriptional regulatory
mechanisms. Iron deficiency inhibits ferroportin mRNA transla-
tion by an iron-responsive element in its 5#UTR (Abboud and
Haile, 2000; McKie et al., 2000). Ferroportin activity is down-LSEVIER INC. DOI 10.1016/j.cmet.2005.10.003 309
A R T I C L Eregulated by a unique posttranscriptional regulatory mecha-
nism; excess iron induces liver secretion of hepcidin that binds
to cell surface ferroportin and causes its internalization and
degradation (Nemeth et al., 2004).
It is apparent from these examples that iron stress (either in
deficit or excess) regulates iron homeostasis pathways at mul-
tiple steps and by multiple mechanisms. Moreover, application
of stress is a powerful tool to unmask new functions of pro-
teins, particularly in cases of partial genetic redundancy. To in-
vestigate the function of Cp, Cp−/− mice were subjected to
acute blood removal to increase erythropoietic demand for
iron. Unexpectedly, we have found that the primary function of
Cp under stress is not to release iron from stores, but rather to
increase iron absorption. Moreover, we find the mechanism of
stress-mediated iron absorption involves a remarkable reloca-
tion of Cp from the cytosol of the duodenal epithelial cell to the
underlying lamina propria. Here Cp may facilitate iron transport
from ferroportin in the enterocyte basolateral membrane to
transferrin for subsequent uptake by vessels in the villus in-
terior.
Results
Defective recovery from acute bleeding in Cp−/− mice
Cp−/− and Cp+/+ mice littermates were subjected to daily blood
removal for 4 days to stress iron-related pathways. Before and
during the bleeding period, blood hemoglobin was slightly
lower in Cp−/− mice; however, hemoglobin recovery was sub-
stantially diminished in Cp−/− mice (Figure 1A). The hematocrit
followed a similar pattern although the deficit in Cp−/− mice
was less dramatic (Figure 1B). Serum iron was measured to
determine the role of iron deficiency in defective hemoglobin
recovery. As previously reported serum iron in Cp−/− mice is
depressed (Cherukuri et al., 2004; Patel et al., 2002; Yamamoto
et al., 2002), here about 35% of wild-type controls (Figure 1C).
The early response of Cp−/− and Cp+/+ mice to blood loss was
nearly identical; a substantial increase in serum iron during the
first 3 days was followed by a steep decline to a minimum at
5 days. A second phase of iron entry into blood was observed
in Cp+/+ mice and reached a maximum at about 7 days, how-
ever, this phase was entirely absent in Cp−/− mice (Figure 1C).
In view of the ability of Cp ferroxidase activity to stimulate iron
binding to transferrin (Sarkar et al., 2003), serum transferrin
saturation was measured. The effect of phlebotomy on
transferrin saturation was essentially identical to its effect on
serum iron in both Cp+/+ and Cp−/− mice (Figure 1D). The in-
crease in transferrin saturation during the early phase after
bleeding indicates that iron efficiently binds to transferrin even
in the absence of Cp.
To determine whether the real-time presence of Cp was re-
quired for iron transport into plasma (versus the alternate
requirement of Cp for previous development of the transport
system), purified human Cp was injected into phlebotomized
Cp−/− mice. In this experiment, phlebotomy more than doubled
serum iron in Cp+/+ mice to about 200 g/dl, whereas serum
iron in Cp−/− mice remained low after bleeding (Figure 1E). In-
jection of purified human Cp increased serum iron almost 10-
fold. Parallel results were seen for transferrin saturation (Figure
1F). These results indicate that injected Cp can partially restore
iron transport into plasma, and that there is a real-time require-
ment for Cp.310The source of the plasma iron was investigated by analysis
of nonheme iron in storage tissues. The initial nonheme iron
content of spleen in Cp+/+ and Cp−/− mice was similar (Figure
1G). The steep drop in iron in both groups during the first five
days suggests the spleen may be largely responsible for iron
entry into plasma during the early response after blood loss.
The decrease in liver iron was also similar in both mouse
groups, but the rate of loss was an order-of-magnitude slower
than in spleen (Figure 1H). Liver iron in Cp−/− mice before
bleeding was substantially higher than in Cp+/+ mice as pre-
viously reported (Cherukuri et al., 2004; Harris et al., 1999; Pa-
tel et al., 2002). The similar iron loss in Cp+/+ and Cp−/− mice
from both tissues suggests that differential iron release from
stores is not responsible for the observed difference in serum
iron accumulation during the late phase. Iron release from
stores was confirmed histologically by Perl’s staining of tissue
slices. Substantial iron staining was seen in spleen of untreated
Cp+/+ (Figure 2A) and Cp−/− mice (Figure 2B), but iron was
essentially absent after phlebotomy (Figure 2C shows Cp−/−
mice, similar depletion of Cp+/+ mice is not shown). Liver iron
staining was much greater in Cp−/− mice (Figure 2F) than in
Cp+/+ mice (Figure 2E); bleeding partially decreased iron stain
in Cp−/− mice (Figure 2G), confirming the chemical measure-
ments. Our finding of iron release from spleen and liver of Cp−/−
mice was unexpected in view of the proposed role of Cp in
tissue iron release, and previous studies in Cp−/− mice showing
defective iron release from the reticuloendothelial system (Har-
ris et al., 2004, 1999). In previous mouse experiments, iron re-
lease was measured after infusion of damaged red blood cells
where substantial newly delivered iron may be present in dis-
equilibrium with storage pools. This intracellular labile iron pool
is more susceptible to Cp-mediated efflux compared to iron in
the storage pool, e.g., bound to ferritin (Sarkar et al., 2003). In
contrast, here we measure tissue release of endogenous iron
stores, and under stress conditions of acute blood loss.
Role of Cp in stress-induced iron absorption
Because tissue iron release was not impaired, we considered
the possibility that decreased intestinal iron absorption was re-
sponsible for the absent second phase of plasma iron entry
and diminished hemoglobin formation in Cp−/− mice. Phleboto-
mized mice were placed on an iron-deficient diet immediately
after the first bleed. The early increase in serum iron in both
mouse groups was as before; however, the second phase of
iron entry was greatly diminished in Cp+/+ mice (Figure 3A),
as was the increase in transferrin saturation (Figure 3B). The
combined stress of phlebotomy and an iron-deficient diet
would be expected to induce more pronounced iron release
from tissues to sustain erythropoiesis. Rapid and complete re-
lease of nonheme iron from spleen was observed in Cp+/+ and
Cp−/− mice (Figure 3C); however, the depletion rate was similar
to that of iron-sufficient mice. In marked contrast to the result
in bled, iron-sufficient mice, application of the dual stress to
Cp−/− mice induced a dramatic decrease in liver nonheme iron
(Figure 3D). Tissue iron depletion in Cp−/− mice during dietary
iron-deficiency was confirmed histologically in spleen (Figure
2D) and liver (Figure 2H), and confirms tissue iron release even
in the absence of Cp.
The absence of the second recovery phase in mice fed an
iron-deficient diet suggests that plasma iron in this phase is
derived primarily from the diet. As a corollary, since this phaseCELL METABOLISM : NOVEMBER 2005
Role of ceruloplasmin in gut iron absorptionFigure 1. Defective erythropoietic recovery of Cp−/−
mice after acute bleeding
Cp−/− (o) and Cp+/+ (•) mice were subjected to acute
bleeding stress by withdrawal of 300–350 l of
blood from the retro-orbital plexus on each of 4
days (indicated by arrows). On succeeding days
blood samples (about 60 l) were withdrawn and
hemoglobin (A) and hematocrit (B) were measured
and expressed as mean ± SEM (six mice per group).
The role of Cp in regulating iron entry into plasma
was determined. Mice (six mice per group at each
time) were sacrificed at intervals and serum iron (C)
and transferrin saturation (D) were determined. In a
separate experiment, 7 days after initiation of bleed-
ing Cp+/+ (black bars) and Cp−/− (striped bars) mice,
Cp−/− mice were injected intraperitoneally with puri-
fied human Cp (6 g/100 l of circulating blood vol-
ume). After 24 hr, serum iron (E) and transferrin satu-
ration (F) were determined. Nonheme iron in liver (G)
and spleen (H) of phlebotomized mice were mea-
sured using bathophenanthroline, and expressed as
mean ± SEM (dashed line shows initial value).is also absent in Cp−/− mice on an iron-sufficient diet, Cp may
be required for intestinal iron absorption. Intestinal absorption
was measured directly by gavage with 59Fe (Ajioka et al., 2002).
As previously reported (Harris et al., 1999; Yamamoto et al.,
2002), gut iron absorption was the same in nonbled, Cp+/+ and
Cp−/− mice: about 11% of administered iron in 24 hr (Figure
3E). Phlebotomy increased absorption by almost 5-fold in Cp+/+
mice, but the response was substantially blunted in Cp−/−
mice. To distinguish between a defect in mucosal iron uptake
versus iron transfer to the portal circulation, intestinal 59Fe was
measured. In bled mice, intestinal 59Fe was more than two
times higher in Cp−/− mice than in wild-type controls indicating
that Cp does not influence iron uptake into the gut, but insteadCELL METABOLISM : NOVEMBER 2005facilitates release of iron from absorptive epithelial cells into
the circulation (Figure 3F).
In vivo expression and stress-induced
relocalization of Cp
To gain insight into the function of Cp in phlebotomy-stim-
ulated iron absorption, we investigated the effect of acute
bleeding on Cp expression. Cp mRNA expression in liver, the
primary source of circulating Cp, was measured by Northern
analysis. Hepatic Cp mRNA was not altered during the 10 day
period after bleeding was initiated (Figure 4A). Similarly, immu-
noblot analysis showed that plasma Cp concentration was un-
changed (Figure 4B). Cp mRNA is not expressed in the gastro-311
A R T I C L EFigure 2. Depletion of tissue iron stores in Cp−/− and Cp+/+ mice subjected to stress
Iron in spleen (left panels) and liver (right panels) was detected by enhanced Perl’s Prussian blue stain; nonbled Cp+/+ (A and E) and Cp−/− (B and F) mice were
compared. Tissue iron was measured in Cp−/− mice subjected to acute bleeding stress 7 days after initiation of bleeding (C and G), and in mice subjected to acute
bleeding stress and an iron-deficient (Fe-def.) diet 10 days after initiation of bleeding (D and H). Staining is representative of four mice in each group.312 CELL METABOLISM : NOVEMBER 2005
Role of ceruloplasmin in gut iron absorptionFigure 3. Important role of Cp in stress-induced
iron absorption
Cp−/− (o) and Cp+/+ (•) mice were bled on four con-
secutive days (indicated by arrows). The mice were
placed on an iron-deficient diet immediately after
the first bleed and maintained on the diet until sacri-
fice. Serum iron (A) and transferrin saturation (B)
were measured and expressed as mean ± SEM
(seven mice per group at each time point). Spleen
(C) and liver (D) nonheme iron was measured using
bathophenanthroline. In a separate experiment,
59Fe was administered by gavage to control and
acutely bled Cp−/− (striped bars) and Cp+/+ (black
bars) mice. Iron absorption (E) was determined as
the sum of radioactivity in blood, organs, and car-
cass, and expressed as percent of administered
59Fe. 59Fe retained in the small intestine (F) was
determined separately. Results are expressed as
mean ± SEM (six mice per group).intestinal tract (Aldred et al., 1987; Fleming and Gitlin, 1990;
Klomp et al., 1996; Lockhart and Mercer, 1999), but our finding
that Cp facilitates iron absorption suggests that the expressed
protein may be present. Furthermore, the specific need for Cp
after bleeding suggests that Cp may be induced or activated
by the stress. Immunoblot analysis revealed that Cp protein
was in fact abundant in lysates of proximal duodenum of Cp+/+
mice, but the level was not increased by phlebotomy (Figure
4C). Consistent with previous reports, Cp mRNA was not de-
tected in duodenal tissue by Northern analysis (Figure 4D) or
by RT-PCR (data not shown).
We considered the possibility of a compensatory increase in
Heph expression in the gut of Cp−/− mice (although this in-
crease would not account for decreased absorption in the
mice). Northern analysis of proximal duodenum did not show
altered expression of Heph in Cp−/− mice (Figure 4E), a result
consistent with a previous result in independently generated
Cp−/− mice on a mixed-strain background (Yamamoto et al.,
2002). In view of the important function of hepcidin as a nega-CELL METABOLISM : NOVEMBER 2005tive regulator of iron absorption, we also considered the possi-
bility that decreased absorption in Cp−/− mice reflects altered
liver hepcidin expression. Northern analysis of liver extracts in-
dicates that hepcidin mRNA in nonbled Cp−/− mice is about
half that of Cp+/+ mice (Figure 4F), consistent with its state of
moderate anemia. If altered hepcidin expression is responsible
for the differential absorption in these mice, we would expect
relatively higher absorption in Cp−/− mice, in contrast to our
results. Also, our finding that phlebotomized Cp−/− mice exhibit
impaired iron absorption, but not defective iron release from
spleen or liver, is not consistent with a primary role of hepcidin
since the hormone decreases ferroportin-mediated iron release
from all of these tissues (Donovan et al., 2005; Nemeth et al.,
2004). Together, these results indicate that altered hepcidin ex-
pression by itself is unlikely to explain the defective absorption
in Cp−/− mice, and that Cp likely mediates a metabolic step
downstream of hepcidin.
Immunofluorescence labeling of transverse sections of prox-
imal duodenum from wild-type mice revealed abundant Cp in313
A R T I C L EFigure 4. Cp protein but not mRNA is expressed in mouse duodenum
Cp+/+ mice were bled on 4 consecutive days and sacrificed at intervals.
A) mRNA was isolated from liver (n = 3 mice) and subjected to 1% agarose gel electrophoresis and Northern analysis with random-primer, 32P-labeled cDNA probes
against human Cp (upper panel) and GAPDH (lower panel).
B) Plasma samples (n = 4 mice) were subjected to SDS-PAGE and immunoblot analysis using rabbit anti-Cp (upper panel) and mouse anti-albumin (lower panel) anti-
bodies.
C) Proximal duodenum (prox. duod.) extracts from Cp+/+ (left panels) and Cp−/− mice (right panels) were subjected to SDS-PAGE and immunoblot analysis using rabbit
anti-Cp (upper panel) and mouse anti-tubulin (lower panel) antibodies. A liver extract from a Cp+/+ mouse served as a positive control. In a separate experiment,
Cp+/+ and Cp−/− mice were bled four times as above. Seven days after the initial bleed, mice were sacrificed and the proximal duodenum was collected and homoge-
nized.
D) RNA was isolated from proximal duodenum from control and bled Cp+/+ mice and subjected to 1% agarose gel electrophoresis and. RNA isolated from Cp+/+
mouse liver served as a positive control.
E) RNA isolated from proximal duodenum from nonbled mice was subjected to Northern analysis with 32P-labeled cDNA probes against human Heph (upper panel)
and human GAPDH (lower panel).
F) RNA isolated from liver from nonbled mice was subjected to Northern analysis with 32P-labeled human GAPDH (above) and mouse hepcidin (Hepc, below) cDNA
probes.314 CELL METABOLISM : NOVEMBER 2005
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gion lining the gut lumen (Figure 5A). The low amount of Cp in
the lamina propria of the villus interior was unexpected in view
of evidence that iron release from cells is facilitated by extra-
cellular Cp (Osaki and Johnson, 1969; Sarkar et al., 2003). After
phlebotomy, Cp in the villus interior dramatically increased at
the expense of enterocyte Cp; densitometric analysis indicated
about a 2.5-fold increase in lamina propria Cp concentration
and about a one-third decrease in enterocyte Cp. Immunohis-
tochemical analysis of lateral sections of duodenum showed a
similar relocation of Cp along the entire villus length (Figure
5B). As a control, glyceraldehyde 3-phosphate dehydrogenase
did not exhibit bleeding-induced relocalization, indicating tar-
get protein specificity (Figure 5C). The relocalization of Cp to
the lamina propria is consistent with a role for Cp in iron release
from the basolateral aspect of the duodenal epithelium during
conditions of stress requiring high iron absorption.
The presence of Cp in the duodenum, despite the absence
of its transcript, suggests that gut Cp is derived from another
tissue, most likely the liver, and transported via the blood. We
tested this possibility by intravenous injection of mouse Cp
(from Cp+/+ mouse serum) into Cp−/− mice. After 24 hr, abun-
dant Cp was observed by immunofluorescence in duodenal
epithelial cells with an intracellular distribution similar to that
seen in nonbled, wild-type mice (Figure 5D, left). Similar results
were observed after injection of serum that was albumin-
depleted to reduce the amount of injected protein (Figure 5D,
center) or purified human Cp (data not shown). In a control, Cp
was undetectable in Cp−/− mice not injected with exogenous
Cp (Figure 5D, right).
Discussion
The specific functions of ferroxidases in intestinal iron absorp-
tion are not yet clear. Heph, a membrane-bound Cp paralog,
has been implicated as the critical ferroxidase in iron absorp-
tion since the protein is abundant in duodenum and the gene
is mutated in the sla mouse which has defective iron absorp-
tion (Chen et al., 2004; Vulpe et al., 1999). Most Heph protein
is localized in vesicles within the enterocyte (Frazer et al.,
2001), but some may be present on the basolateral membrane
(Kuo et al., 2004). Based on our measurements of iron absorp-
tion, and on the assumption that Cp in the villus interior is func-
tional in absorption, we can estimate the relative iron flux
through Cp-dependent and Cp-independent pathways. We
propose the following model (which makes the additional as-
sumption that the Cp-independent pathway is Heph depen-
dent): In the nonbled, wild-type mouse (Figure 6A), Fe3+ from
the duodenal lumen is reduced by Dcytb (or other reductases)
to Fe2+, which traverses the enterocyte apical membrane via
DMT1. Intracellular iron is transported by as-yet undefined pro-
cesses, possibly within vesicles. Estimation of the kinetic
parameters by nonlinear regression analysis (Dennis et al.,
1981) suggests that under basal conditions, in which approxi-
mately 10% of the applied iron is absorbed, about 3/4 utilizes
the Heph-dependent pathway while the remaining 1/4 is Cp
dependent. Extracellular Cp may act in tandem with ferropor-
tin, an iron transporter spanning the basolateral membrane of
duodenal epithelium (Abboud and Haile, 2000; Donovan et al.,
2000; McKie et al., 2000). According to one possible mecha-
nism, extracellular Cp ferroxidase activity converts newly ex-CELL METABOLISM : NOVEMBER 2005ported ferrous ion to ferric ion for binding to transferrin and
subsequent uptake by transferrin receptors on vessels within
the villus interior. In bled mice (Figure 6B), iron deficiency mark-
edly induces Dcytb and DMT1 expression (Dupic et al., 2002)
and enterocyte iron uptake is correspondingly increased, in our
experiment by almost 5-fold to about 50% of ingested iron.
According to our model, blood loss induces Cp relocalization
to the sub-epithelial space, and iron flux is evenly divided be-
tween the Cp-dependent pathway and Heph-dependent path-
ways. It may be noted that our flux estimates are model depen-
dent, and it is possible that the Cp-dependent pathway
becomes significant only after stress exceeds the capacity of
the Heph-dependent pathway.
The absence of Cp mRNA in the duodenum was consistent
with previous reports (Aldred et al., 1987; Fleming and Gitlin,
1990; Klomp et al., 1996; Lockhart and Mercer, 1999), but the
finding of Cp protein in duodenal epithelial cells was unex-
pected. Liver-derived Cp from the plasma is the likely source
of intestinal Cp since intravenous injection of human or mouse
Cp resulted in uptake and accumulation in duodenal epithelial
cells. High-affinity cell surface Cp receptors have been re-
ported on liver endothelial cells and Kupffer cells (Dini et al.,
1990; Tavassoli et al., 1986), thus the pathway of Cp entry may
involve receptor-mediated endocytosis and localization in in-
tracellular vesicles. However, Cp receptors on intestinal epithe-
lial cells have not been described. The mechanism underlying
phlebotomy-induced relocalization of Cp to the lamina propria
is not understood; it may involve regulated release of Cp from
the enterocyte, or alternatively, inhibited enterocyte uptake
from plasma. The function of Cp within the enterocyte is like-
wise unclear. Intracellular Cp may have a role in iron trafficking
across the enterocyte. Alternatively, Cp participation in host
defense is suggested by in vitro evidence of bactericidal activ-
ity (Klebanoff, 1992), and by our finding of abundant Cp in the
colon, a site not involved in iron absorption (data not shown).
Cp’s contribution to iron absorption may explain the curious
developmental phenotype of the sla mouse, i.e., severe anemia
at birth that normalizes during maturation (Bannerman and
Cooper, 1966). Hepatic Cp mRNA expression (and plasma Cp)
follows a similar pattern, low expression at birth and increasing
until adulthood (Fleming and Gitlin, 1990). Thus, the combina-
tion of defective Heph and low intestinal Cp may be responsi-
ble for severe anemia in young sla mouse which yields as Cp
increases during development. The shared responsibility of the
two related ferroxidases in absorption may have evolved as a
fail-safe mechanism to ensure iron availability under stress.
Our results may have practical implications regarding the ra-
tional treatment of aceruloplasminemia. Serial phlebotomy of a
single aceruloplasminemia patient failed to deplete hepatic
iron, leading the authors to conclude that tissue iron stores can
not be depleted in the absence of Cp (Hellman et al., 2000).
Our results indicate that phlebotomy induces iron release from
storage sites even in the absence of Cp. Both spleen and liver
iron in Cp−/− mice are depleted by bleeding, but iron is de-
pleted from liver at a substantially slower rate than from spleen.
However, substitution of an iron-deficient diet to phleboto-
mized mice causes rapid and near-complete iron release from
liver as well as from spleen. In addition to the difference in
dietary iron, there are other important differences between our
study on mice and the treatment of the patient. For one, the
mice were otherwise healthy, young adults, whereas the patient315
A R T I C L EFigure 5. Cp entry into mouse duodenum and relocalization after bleeding stress
Cp+/+ mice were phlebotomized on four consecutive days and sacrificed 7 days after initiation of bleeding.
A) Transverse sections of proximal duodenum of nonbled (left) and bled (center) Cp+/+ mice were subjected to immunofluorescence microscopy using rabbit anti-
human Cp antibody. Nonbled Cp−/− mice were used as control for antibody specificity (right).
B) Lateral sections of proximal duodenum of nonbled (left) and bled (center) Cp+/+ mice were subjected to immunohistochemical analysis using rabbit anti-Cp antibody.
Nonbled Cp−/− mice were used as control for antibody specificity (right).316 CELL METABOLISM : NOVEMBER 2005
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C) Transverse sections of proximal duodenum of untreated (left) and bled (center) Cp+/+ mice were subjected to immunofluorescence microscopy using mouse
monoclonal anti-rabbit GAPDH primary antibody. Mouse IgG primary antibody was used as control for specificity (right).
D) To determine whether intestinal Cp is derived from blood, 200 l of whole serum (left) or albumin-depleted serum (-alb., center) from Cp+/+ mice was injected (inj.)
into the tail vein of nonbled, Cp−/− mice. Uninjected Cp−/− mice served as controls (right). After 24 hr, proximal duodenum was collected, and transverse sections were
subjected to immunofluorescence using rabbit anti-Cp antibody.
injection into mice, blood from wild-type, C57Bl/6J mice was collected byFigure 6. A dual ferroxidase system contributes to iron absorption
Iron absorption by Cp−/− and Cp+/+ mice as determined by gavage, and relative levels of Cp in lamina propria of bled and nonbled mice, were used to estimate iron
flux through Cp-dependent and Cp-independent (most likely, Heph-mediated) pathways. Solid arrows represent individual pathway steps; the width is proportional to
the flux estimated using exponential models. The probable localization of Cp in intracellular vesicles is indicated. NL2SOL was used for parameter estimation by
adaptive nonlinear least square error estimation (Dennis et al., 1981), and LSODES was used for solving the simultaneous differential equations. Relative roles of Cp
and Heph in iron absorption are shown for nonbled (A) and bled mice (B). Cp relocalization is indicated by dashed line.was a diabetic 52-year-old. Also, our mouse-bleeding regimen
was very severe, removing 20% of blood volume per day com-
pared to removal of 5% of blood volume per week from the
patient. Finally, there may be differences between iron storage
and release mechanisms between mice and humans. Future
mouse experiments may lead to the development of a tolera-
ble, long-term treatment regimen combining mild phlebotomy
with an iron-deficient diet, which would reduce tissue iron load
and improve the quality and duration of life in patients.
Experimental procedures
Mice
Mice with targeted Cp gene deletion (Harris et al., 1999) were backcrossed
−/− +/+CELL METABOLISM : NOVEMBER 2005littermates (10- to 12-week-old males) that were progeny of Cp+/− crosses
were used in all experiments. To induce erythropoietic stress, mice were
subjected to acute bleeding by withdrawal of 300 to 350 l of blood per
day from the retro-orbital plexus for four consecutive days. All studies fol-
lowed a protocol approved by the Animal Review Committee of the Cleve-
land Clinic Foundation.
Blood collection and determination of blood hemoglobin
and hematocrit
Blood (about 60 l) was obtained by insertion of a heparin-coated capillary
tube into the retro-orbital plexus. The hematocrit, a measure of efficiency
of erythropoiesis, was determined by centrifugation of sample in capillary
tube. Total blood hemoglobin, which reflects both erythropoietic efficiency
as well as marrow iron status, was determined by a colorimetric method
specific for cyanmethemoglobin (Sigma Diagnostics). To prepare serum for317
A R T I C L Ecardiac puncture, and serum was separated by centrifugation at 5000 rpm
for 5 min. Albumin was removed from serum using Montage albumin de-
plete kit (Millipore, Denver, Massachusetts). Albumin-depleted serum was
dialyzed overnight at 4°C against phosphate-buffered saline (PBS) in 10,000
kDa cut-off dialysis cassettes (Slide-A-Lyzer, Pierce, Rockford, Illinois).
Determination of serum and tissue iron
Blood (about 500 l) was collected at sacrifice by cardiac puncture using
1-ml syringe with 26-gauge needle, and serum was obtained by centrifuga-
tion at 5,000 rpm for 5 min. Serum iron and total iron binding capacity
(TIBC) were determined by a kit (Stanbio). Transferrin saturation was calcu-
lated as (serum iron ÷ total iron binding capacity) × 100%. Nonheme iron
in liver and spleen was measured by the bathophenanthroline method and
the results expressed as g of iron per g of tissue dry weight (Torrance and
Bothwell, 1980). For histological determination of tissue iron stores, liver
and spleen were fixed in 10% phosphate-buffered formalin and were em-
bedded in paraffin. The sections were dehydrated in xylene and by an etha-
nol-water series (100%, 90%, 75%, 50%) and stained with Perl’s Prussian
blue stain and counterstained with pararosaniline (Sigma). Stained sections
were dehydrated by an ethanol and xylene series, and mounted in Per-
mount.
Determination of intestinal iron absorption
Iron absorption was measured after gavage with 59Fe as described (Ajioka
et al., 2002). Briefly, 7 days after initiation of bleeding, control and phleboto-
mized mice were fasted overnight. 59Fe-HCl (2.5 Ci) in 0.2 ml of a solution
containing 0.5 M ascorbic acid, 0.15 M NaCl, and FeSO4 (5 g of total iron)
was administered orally with an olive-tipped gavage needle. The mice were
placed in metabolic cages, fasted for another 7 hr, and then chow was
restored. Mice were sacrificed 24 hr after gavage. Lungs, head, and the
gastrointestinal tract were removed for separate counting, and radioactivity
in blood, major organs, and carcass was analyzed by γ-counter. Percent of
iron absorbed was calculated as 100 × (59Fe in blood, organs, and carcass ÷
59Fe administered by gavage).
Immunolocalization of Cp in mouse duodenum
The proximal duodenum from Cp−/− and Cp+/+ mice was washed in ice-
cold PBS and fixed in Bouin’s fixative for 12–14 hr. The fixed tissues were
washed in 70% ethanol, dehydrated by a series of ethanol and xylene
rinses, and embedded in paraffin. For immunofluorescence, 5-m sections
were de-paraffinized in xylene, and rehydrated in a series of 100%, 90%,
80%, and 50% ethanol, water, and PBS. The sections were pressure-
cooked in 10 mM citric acid buffer for antigen retrieval. Antigen-retrieved
sections were blocked with PBS containing 3% bovine serum albumin and
0.2% Triton X-100 for 30 min at 37°C. The sections were incubated over-
night at 4°C with rabbit anti-human Cp antibody (Accurate, 1:200). Sections
were washed with 0.05% Triton X-100 and 0.7% fish skin gelatin in PBS,
and incubated with Alexa Fluor 568 goat anti-rabbit IgG (Molecular Probes)
as a secondary antibody for 1 hr at 37°C. Sections were washed and
mounted with Vectashield mounting medium (Vector).
For immunohistochemistry, sections were dehydrated and antigen-
retrieved. Sections were stained using an automated system (ES Au-
tostainer) and a DAB detection kit (Ventana). Nonspecific binding was re-
duced using an avidin/biotin blocking kit (Ventana). Rabbit anti-human Cp
was used as primary antibody (Accurate, 1:200) and goat anti-rabbit IgG
conjugated to biotin as secondary antibody, and the avidin-biotin complex
was detected with horseradish peroxidase. Slides were counterstained with
hematoxylin, dehydrated in ethanol and cleared in xylene, and mounted
in Permount.
Immunoblot analysis of mouse tissue
Mouse proximal duodenum was washed in ice-cold PBS and snap-frozen
in liquid N2. The tissue was homogenized in 50 mM Tris-HCl (pH. 7.4), 1%
Triton X-100, 1 mM EDTA, 1 mM PMSF, 5 g/ml aprotinin, 1 g/ml pep-
statin, 2 g/ml leupeptin, 1 mM sodium orthovanadate, and 1 mM NaF.
Lysates were incubated on ice for 30 min, centrifuged at high speed for 10
min, and supernatant protein determined by Bio-Rad assay. Lysates (100
g of protein) were subjected to 10% SDS-PAGE and transferred to an
immobilion-P membrane (Millipore, Bedford, MA). The membrane was
probed with rabbit anti-human Cp as antibody (Accurate, 1:5,000) and318then with peroxidase-conjugated anti-rabbit IgG as secondary antibody
(1:10,000). Cp was detected by chemiluminescence (ECL-plus, Amersham).
The membrane was stripped and reprobed with mouse anti-human tubulin
(Oncogene, 1:5,000) antibody followed by peroxidase-conjugated anti-
mouse IgG (1:10,000).
Northern blot analysis of mouse tissue
Mouse proximal duodenum and liver were washed in ice-cold PBS and
snap-frozen in liquid N2. Tissue was homogenized in Trizol reagent and RNA
was isolated. RNA (10 g total RNA) was subjected to electrophoresis on
a formaldehyde-agarose gel and transferred to Hybond-N nitrocellulose
membrane (Amersham). RNA was UV-crosslinked and hybridized with 32P-
labeled mouse Cp (forward primer, 5#-TTTCCCCACCCATAGCTCTGTC-3#;
reverse primer, 5#-CTTGCCCTTCCCTCACATA-CCA-3#), mouse hepcidin
(forward primer, 5#-AGAAAGCAGGGCAGACATTGC-3#; reverse primer, 5#-
TTCAAGGTCATTGGTGGGGAG-3#), or mouse GAPDH (forward primer, 5#-
TGTTCCAGTATGACTCCACTCACG-3#; reverse primer, 5#-AGATGATGACC-
CGTTTGGCTC-3#) cDNA probes prepared by random primer labeling
(Amersham). 32P-labeled probe corresponding to nucleotide positions
1000-2200 of the human Heph ORF was prepared by RT-PCR of the full-
length cDNA.
Statistical analysis
A minimum of six mice in each group was analyzed for all experiments,
unless otherwise specified. The results were expressed as mean ± standard
error of mean (SEM). Statistical analysis was done by Student’s t test using
GraphPad Prism software.
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